In this work, a LP mn mode converter is proposed based on a tapered doublecore structure. With opposite changes of the two cores in radius dimension, matching the effective refractive index between the fundamental mode (LP 01 ) in one core and one desired high-order mode in the other core is obtained, and the fundamental mode power is gradually converted to the high-order mode. The simulation results show that the mode conversion of LP 01 to any high-order mode of LP 11 , LP 21 , LP 31 , LP 12 , LP 41 , LP 22 , LP 32 , LP 42 and LP 23 modes can be obtained with a conversion efficiency of ∼99%, ∼96%, ∼92%, ∼93%, ∼82%, ∼92%, ∼84%, ∼85% and ∼81% at the working wavelength of 1550 nm, respectively, and also conversion bandwidth (>80% conversion efficiency) is 265, 125, 130, 130, 100, 35 and 30 nm, respectively. Compared to the previously reported works, the proposed mode converter structure is more universal to support any of higher-order mode conversions with wider bandwidth.
Introduction
With the continuous development and progress of society, people are increasingly demanding more information transmissions and exchanges, and thus the demand for communication capacity is increasing. Nowadays, the relevant optical communication networks that support the backbone transmission have been fully utilized in all the degrees of freedom of single mode fiber (SMF) transmission, namely frequency, polarization, amplitude and phase degree of freedom. To further increase the system capacity, one must explore some new degrees of freedom that do not exist in single mode fibers. Thus, space division multiplexing, such as mode division multiplexing (MDM) using multi-mode fibers (MMFs) or few-mode fibers (FMFs), has been proposed and explored for an additional degree of freedom [1] , [2] .
The mode division multiplexing technology based on MMFs or FMFs can be used to carry different optical signals in different transmission modes (from fundamental mode to higher order modes) to obtain quasi-independent transmission channels, which can increase the system capacity significantly. Therefore, how to effectively stimulate different transmission modes has become a top priority. Obviously, a semiconductor laser emits a fundamental mode and thus acquisition of higher-order modes needs to be obtained by mode conversion. Therefore, the mode converters become the basis for the realization of mode multiplexing technology.
To date, typical mode conversion technologies mainly have these three technologies in general: planar light-wave circuit (PLC), free space optics and all-fiber or circular waveguide structure.
A mode converter (also including a multiplexer/demultiplexer) based on a planar light-wave circuit is typically an asymmetric directional coupler or a waveguide with long-period grating. In 2012, an asymmetric planar waveguide was proposed to implement mode conversion and multiplexing of LP 01 and LP 11 [3] . The LP 01 mode in waveguide 2 is coupled to waveguide 1 (LP 11 mode supported) by lateral coupling, and a conversion efficiency of over 90% was obtained over a 200-nm bandwidth. Later, a three-mode (LP 01 , LP 11a , LP 21a ) multiplexer [4] and six-mode multiplexer [5] (LP 01 , LP 11a , LP 11b , LP 21a , LP 21b , LP 02 ) using the same principle as the above were demonstrated, which are applied to the C-band with 90% conversion efficiency.
Long-period grating mode converters were proposed in 2015 [6] - [10] . By introducing a periodic grating into a waveguide, the LP 01 mode is converted into a higher-order mode when the effective refractive index of the higher-order mode is reached. The structure has been continuously improved and optimized, and finally the mode conversion of LP 01 mode to LP 11a , LP 11b and LP 21a mode was realized. It was shown that the mode converter has high mode conversion efficiency over a wide bandwidth. A long-period fiber grating mode converter was reported in 2015 [11] and 2016 [12] . Both of these structures result in a conversion efficiency of more than 99.9% for LP 01 to LP 11 , but the mode converter was still limited by a narrow bandwidth.
Free-space optics based mode converters are easy to implement. The most typical structure is to use a spatial phase plate to modulate effective refractive index [13] . For example, Y. Jung realized the conversion of LP 01 to LP 11 mode by using the all-fiber phase plate in 2016 [14] . The drawbacks are large insertion loss and difficult to be integrated.
The all-fiber or circular waveguide structure mode converter/multiplexer has attracted more attention because of its own circular structure and natural connection with a few-mode fiber. For example, an all-fiber broadband mode converter was proposed in 2012 [15] . The multi-mode fiber is used to excite a targeted higher-order mode, and then the few-mode fiber is used to cut off the other higher-order modes. The mode converter was implemented for the mode conversion to LP 02 over a 150 nm bandwidth, but its conversion efficiency is not very high, only ∼66%. By change of the radius of the length of the fiber core to form a tapered core structure, the mode coupling is introduced, and the mode conversion can be realized. Mode converters using two-stage tapered fiber cores were reported in 2015 [16] - [19] . The first-stage tapered core introduces mode coupling to excite some higher-order modes, and then the embedded second-stage tapered core is used to enhance mode coupling of the targeted mode. LP 01 to LP 02 , LP 03 , and LP 04 modes were obtained on the C-band, more than 85% conversion efficiency and greater than 15-dB extinction ratio achieved. Moreover, a mode converter of LP 01 to LP 02 was reported using the double cone combination structure in 2018 [20] , [21] . In 2019, a multi-stage cone LP 01 to LP 02 and LP 01 to LP 03 mode converters were proposed [22] , which have wide bandwidth and high conversion efficiency. A directional coupler-type all-fiber structure mode converter that uses a mode selective coupler by utilizing effective index matching between a single mode fiber and a few-mode fiber was proposed [23] - [26] , which can be used for LP 01 conversion to the four higher-order modes of LP 11a , LP 11b , LP 21 , and LP 02 over the C-band. And, the conversion efficiency is greater than 70%. The reverse cone mode selective coupler was used and five-mode multiplexer of LP 01 , LP 11a , LP 11b , LP 21a and LP 21b was obtained [27] .
In this work, mode converters from the fundamental mode LP 01 to any higher-order mode of LP 11 , LP 21 , LP 31 , LP 12 , LP 41 , LP 22 , LP 32 , LP 42 and LP 23 are proposed and analyzed. In this work, we only consider silica material. In fact, if the material is changed to silicon, the design can be reduced to chip size as shown in [28] - [31] . 
The Proposed Mode Converter
The LP mn mode converter proposed in this work has the structure shown in Fig. 1 , which is composed of a reduced-diameter tapered core (core 1) and a radius-increasing tapered core (core 2), and the two cores are counter-tapered. The coupled-mode equations can be described as [32] - [33] 
where B and A are the amplitude of the coupled modes (between mode b and a) of core 1 and 2 waveguide, respectively; κ is the coupling constant, β = β b − β a is the difference of the propagation constants between mode b and a, which is a function of z, when the propagation constants (β b and β a ) have opposite changes for the counter-tapered structure. Considering a single mode, mode b is incident at z = 0 of core 1, we have B (0) = B 0 , A (0) = 0. The solutions of the coupled-mode equations (1) and (2) become [32] A (z) = B 0 2κ
When the phase-matched condition β = 0 is met, the incident (mode b) power can be nearly 100% coupled to mode a. The well-known normalized frequency is given by
which determines the modes in a fiber (a large normalized frequency means that more higher-order modes are supported), where r (z) is the radius of the fiber core, λ is the vacuum wavelength; n 1 and n 2 are the refractive index of the core and cladding, respectively. We can directly increase the starting radius (R4) and ending radius (R5) of the core 2, which enables core 2 to support many higher-order modes. When the phase-matched condition β = 0 is met, the converter achieves conversion from the fundamental mode (LP 01 ) to one higher order mode.
Using optical beam propagation in Rsoft, the structure in Fig. 1 can be optimized for any mode converters. 22 and LP 03 modes). Fig. 2 shows the effective refractive index of some key high-order modes supported in core 2 (LP 11 , LP 21 , LP 02 , LP 31 , LP 12 and LP 41 modes) as well as the index of the LP 01 mode in core 1. As can be seen from Fig. 2 , the LP 12 and LP 01 mode having the index matching condition, thus the LP 01 mode power transfers to LP 12 mode mostly. When the waveguide is near the end, the LP 41 and LP 01 mode reach the phase-matched condition, the LP 01 mode power has almost been transferred to the LP 12 mode. Fig. 3 shows the evolution of effective refractive index and the normalized power of the fundamental mode (LP 01 ) in core 1 and the desired higher-order mode in core 2. As shown in Fig. 3 , for each mode converter, the normalized power of the desired high order mode (such as LP 11 , LP 21 , LP 31 , LP 12 , . . . ) increases as the transmission distance increases, while the LP 01 mode power decreases accordingly. Moreover, the power variation of the fundamental mode and the desired high order mode both is aligned with the change of the effective refractive index of the two modes: When the effective refractive index between the fundamental mode and the desired high order mode is closer, the fundamental mode power is greatly reduced, and the desired high-order mode power is greatly increased simultaneously; and when the difference of the effective refractive index between the two modes is larger, the mode power variation tends to be gentle. For the first five desired mode conversions, such as conversion to LP 11 , LP 21 , LP 31 , LP 12 and LP 22 , it can be clearly seen that the coupled output power is the largest, reaching ∼0.99%, ∼0.96%, ∼0.92%, 0.93% and ∼0.92%, respectively. And further increasing the mode order, such as conversion to LP 41 , LP 32 , LP 42 and LP 23 , the conversion is up to ∼0.82%, ∼0.84%, ∼0.85% and ∼0.81%, respectively, clearly reduced. The physic reason is: the higher the mode order, the more modes are involved in core 2, and thus the more couplings between the modes occur. Consequently, the mode conversion to the desired high order mode is reduced. Fig. 4 shows the conversion efficiency variation with operating wavelength for the desired converted modes. For clarity, we use three figures, i.e., Fig. 4(a), (b) and (c) to show the nine mode converters, i.e., three mode converters in each figure. For the LP 01 -LP 11 mode converter, the LP 11 mode normalized power is greater than 0.8 (mode conversion efficiency is greater than 80%) at operating wavelengths ranging from 1.41 to 1.675 μm, as shown in Fig. 4(a) Table 2 shows the comparison of this proposed mode converter with the reported works. As can be seen from Table 2 , all the mode converters/multiplexers have more than 80% conversion efficiency. The mode converters/multiplexers proposed in [5] , [16] and [22] have two or more mode conversions, but are limited by narrow bandwidth. The mode converter proposed in [20] has a wide bandwidth (350 nm), but only one mode conversion is obtained. The mode multiplexer shown in [27] has high conversion efficiency and wide bandwidth, for multiplexing five modes. However, this proposed mode converter is able to realize nine mode conversion with wide bandwidth, which is considered the maximum number of mode conversions that can be achieved so far.
Comparison With Reported Works

Conclusions
This work proposes a LP mn mode converter based on a tapered double-core structure, which can be used for mode conversions of the fundamental mode (LP 01 ) to any high-order mode of LP 11 , LP 21 , LP 31 , LP 12 , LP 41 , LP 22 , LP 32 , LP 42 , and LP 23 with greater than 80% conversion efficiency. Moreover, the mode converters have wide conversion bandwidth except for the highest order mode converter. Compared to the previous works, the mode converter proposed in this work can support more mode conversions with high conversion efficiency and wide bandwidth.
